We review the potential neurodevelopmental and behavioral effects of children's prenatal and/or postnatal exposure to environmental tobacco smoke (ETS). Children's exposure to ETS has been assessed in epidemiologic studies as a risk factor for a variety of behavioral and neurodevelopmenta problems induding reduced general intellectual ability, skills in language and auditory tasks, and academic achievement, and behavioral problems such as hyperactivity and decrease attention spans. We review 17 epidemiologic studies that have attempted to separate the efcs of maternal active smoking during pregnancy from passive ETS smoke exposure by the pregnant mother or the child. Based on the available data, we found that ETS exposure could cause subtle changes in children's neurodevelopment and behavior. However, studies to date are difficult to interpret because of the unknown influence of uncontrolled confounding factors, imprecision in measurements of smoking exposure, and coilinearity of pre-and postnatal maternal smoking. Although some evidence suggests that maternal smoking during pregnancy may be associated with deficits in intellectual ability and behavioral problems in children, the impact of prenatal or postnatal ETS exposure remains less dear.
Numerous studies have examined whether maternal smoking during pregnancy is associated with behavioral or neurodevelopmental difficulties in children. The commonly accepted mechanism for these effects is altered brain development resulting from fetal hypoxia due to either nicotine in cigarette smoke that acts to reduce blood flow to the fetus or possibly carbon monoxide, which produces higher levels of carboxyhemoglobin (1, 2) . Nicotine may also target specific neurotransmitter receptors in the fetal brain, causing abnormalities in cell proliferation and differentiation (3) .
Maternal smoking during pregnancy has been associated in children of preschool age or older with small deficits (< 10%) in general intellectual ability, language/auditoryrelated tasks, and in academic achievement (4) (5) (6) (7) (8) (9) (10) . These studies often report doserelated effects. For younger children (2 years of age or younger), the association of in utero exposure to maternal smoke is less consistent, although assessment tools may be less sensitive for this age group (11) (12) (13) (14) . However, decreases in auditory habituation and responsiveness have been consistently noted in infants < 1 week old who are prenatally exposed to maternal smoking (15, 16) .
For the most part, previous studies have reported an association between behavioral problems, such as hyperactivity and decreased attention spans, and maternal smoking during pregnancy (7, (17) (18) (19) (20) (21) (22) . Only one study, which had an insufficient number of heavy smokers (23) , did not report such a relationship. The association with behavioral problems has been shown in investigations of hyperactive children and controls (17) , sibling studies in which the mother smoked in one pregnancy but not in the other (7) , and in neuropsychologic evaluations of children of smokers and nonsmokers using tests of sustained vigilance and attention (20) (21) (22) . Naeye and Peters (7) found that hemoglobin levels in neonates increased with the number of cigarettes smoked by the mother during her pregnancy, and that children who were more active or who had shorter attention spans had significantly higher hemoglobin levels.
The primary aim of this paper is to determine whether environmental tobacco smoke (ETS) exposure to the fetus or child also could be associated with neurodevelopmental or behavioral effects: are there adverse consequences to the child from the mother's passive exposure to cigarette smoke during pregnancy or from the postnatal exposure of the child to the smoke of others? Few of the cited studies on the neurobehavioral effects of smoking attempted to separate the influence of in utero exposure to maternal smoking from the effects of the child's postnatal exposure to ETS. To determine the independent effect of postnatal ETS exposure would require a large sample Environmental Health Perspectives * Volume 107, Number A number of the investigations on neuropsychologic functioning of children exposed to ETS during childhood or of mothers exposed to ETS during pregnancy are from the Ottawa Prenatal Prospective Study (28, 34, 37, 38) . Effects of maternal exposure to ETS during pregnancy were examined in children 6-9 years of age by Makin et al. (28) A two-group discriminant function successfully classified 83% of the children into their respective exposure groups based on their poorer performance, particularly in receptive vocabulary (Peabody Picture Vocabulary Test; PPTV), and on factors developed for perceptual organization and freedom from distractibility (from the Wechsler Intelligence Scale for ChildrenRevised). These differences remained after controlling for social class, but there was no measurement of maternal intelligence or of home environment. In the only study where postnatal ETS exposure was assessed with a biomarker, McCartney et al. (34) found limited evidence for a slight decrease in central auditory processing important in receptive language in 6-to 11-year-old Ottawa children whose mothers were exposed to ETS during pregnancy regardless of whether the children were exposed. These deficits from pre-and postnatal ETS exposure were similar to those seen in children of light active smokers during pregnancy. In contrast, other follow-up investigations (37,38) of this same cohort, which used different assessment tools, found that children exposed to ETS during childhood but not children whose mothers were exposed to ETS during pregnancy had lower scores on tests of language/auditory processing (37) . Although there were lower language/auditory scores among those exposed to ETS during childhood, when analyses were restricted to children of women who did not smoke during pregnancy, there were no genieral cogniitive effects (usilng a discrimlinianlt anlalysis score) of either prenatal maternal ETIS exposure or of postnatal child ETS exposure (38) .
The timing of exposure during childhood did not influence the results.
Two studies (27, 36) The second study that used the CHDS dataset [Eskenazi and Trupin (36) ] is the only study in the literature to use a biomarker of exposure, cotinine measured in serum, to estimate passive and active smoke exposure during pregnancy, and to clearly assess the independent effects of prenatal and early childhood exposure. They found that children born to nonsmoking mothers who were exposed to ETS during pregnancy did not differ on the Raven and PPVT at age 5 from children born to nonsmokers who were not exposed to ETS. However, children whose mothers did not smoke during pregnancy, but who did smoke during childhood, had lower Raven and PPVT scores than children of other women who did not smoke at either time. Children of mothers who smoked only during pregnancy but then quit had the highest scores (even higher than children of nonsmokers). These results controlled for multiple confounders including maternal and paternal education and social class, but could not control for maternal intelligence or aspects of the home environment because these were not assessed at the 5-year follow-up.
The authors presented the adjusted regression coefficients for each combination of prenatal (as determined by serum cotinine levels)-postnatal smoke exposure (number of cigarettes per day as reported by the mother) and there was no clear dose relationship with either Raven or PPVT scores.
Behavioral Assessment
Prenatal and postnatal exposure to cigarette smoke have been examined in relation to children's behavioral problems (Table 4) . It is not clear from many of these studies whether the critical period for effects is during pregnancy from prenatal exposure to active maternal smoking and/or from child postnatal ETS exposure. In a study by Weitzman et al. (31) of more than 2,000 children aged 4-11 who participated in the National Longitudinal Survey of Youth, parental reports of children's behavior on the Behavior Problem Index (including subscale measures of antisocial behavior, depression and anxiety, headstrong personality, hyperactivity, and immaturity) were dose related to the amount smoked by mothers among those who only smoked after pregnancy or those who smoked both before and after pregnancy. The studies outlined in Table 1 (25) . Seven studies examined the relationship of postnatal exposure to smoke and performance on a range of cognitive, perceptual, central auditory, and linguistic abilities (27, 29, (34) (35) (36) (37) (38) . Of the six studies that controlled for prenatal maternal smoking (27, (34) (35) (36) (37) (38) , half (27, 36, 37) show clear decrements associated with postnatal ETS exposure. Also, two of these studies (27, 36) suggest that the children of mothers who smoked only after pregnancy performed somewhat worse than the children of mothers who smoked only during pregnancy. Eskenazi and Trupin (36) suggest that this effect may be due to potential misclassification of exposure or to the fact that women who begin to smoke after pregnancy may be different in ways that affect the child's cognitive development (e.g., sociodemographic, cognitive). Furthermore, ETS exposure during childhood may be more hazardous to neurodevelopment than in utero exposure to maternal smoking. Postnatal ETS exposure has also been associated with behavioral problems in all three studies that specifically examined behavior problems in children (31, 32, 40) and adequately controlled for home environment and other potentially intervening factors; two of these three studies (32, 40) , however, showed larger associations between behavioral problems and prenatal exposure to maternal smoke than with postnatal child ETS exposure. There are only three studies that investigated the relationship of maternal ETS exposure during pregnancy (28, 36, 38) and general cognitive performance, two of which were on the same cohort. The first study on the Ottawa cohort reported adverse cognitive effects of maternal ETS exposure during pregnancy as strong as those for active smoking (28) but did not take into account postnatal exposure, whereas the second study (38) showed no relationship between maternal ETS exposure during pregnancy among nonsmokers and general cognitive performance in their children. Similarly, Eskenazi and Trupin (36) assessed maternal ETS exposure by serum cotinine and took into account postnatal exposure, also found no effects.
Assessing whether ETS exposure is causally related to adverse effects on neurodevelopment is difficult for at least three reasons, as described below.
Results 
Biological Plausibility of ETS Exposure Causing Adverse Neurodevelopment
It is possible that ETS exposure during childhood may be hazardous, and potentially more hazardous, to neurodevelopment than in utero exposure to maternal smoking. The routes of exposure to prenatal and postnatal maternal smoking differ: the fetus is exposed transplacentally to compounds absorbed by the mother, whereas the child is exposed primarily through inhalation. Also, the chemical constituents and their levels differ, to some extent, in ETS and mainstream smoke (49) . Childhood may be the critical period for neurodevelopmental effects of smoking. Furthermore, exposure during childhood may be longer than the 9 months of in utero exposure. These differences could explain why those exposed in the postnatal period perform worse than children of nonsmokers. Perhaps the strongest evidence for a causal relationship between the child's exposure to ETS and adverse effects on neurodevelopment is from a single animal study. Gospe et al. (50) exposed pregnant rat dams to sidestream smoke (SS) or filtered air (FA) for 4 hr/day, every day throughout gestation, and exposed the offspring to either SS or FA for 9 weeks postnatally for a total of four different exposure conditions: in utero FA-postnatal FA, in utero FA-postnatal SS, in utero SSpostnatal FA, and in utero SS-postnatal SS. No dose-related effects were observed in the dams as a result of SS exposure during pregnancy (51). After 9 weeks postnatal exposure, the animals were sacrificed and the brains were divided into forebrain and hindbrain and analyzed for DNA, protein, and cholesterol concentration. Two-way analysis of variance indicated that postnatal SS reduced by 4% hindbrain DNA concentration, an indicator of cellular density, and increased by 8 .9% the hindbrain protein/DNA ratio, an index of cell size, although the total hindbrain weight was not different. In utero exposure to SS had no effect. This study provides the first clear biologic evidence for an alteration of brain development due to postnatal but not prenatal ETS exposure.
Conclusion
Animal and human data suggest that ETS exposure could cause subtle changes in child neurodevelopment and behavior. However, studies to date are difficult to interpret because of the unknown influence of uncontrolled confounding factors, imprecision in measurements of smoking exposure, and collinearity of pre-and postnatal maternal smoking. Although evidence exists to suggest that maternal smoking during pregnancy may be associated with deficits in intellectual ability and behavioral problems in children, the impact of prenatal or postnatal ETS exposure remains less clear. However, animal evidence does suggest that effects of postnatal ETS on neurodevelopment and behavior are possible. 
